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Abstract
In the developing limb bud, mesenchymal cells show position-specific affinity, suggesting that the positional identity of the cells is
represented as their surface properties. Since the affinity is regulated by glycosylphosphatidylinositol (GPI)-anchored cell surface proteins,
and by EphA4 receptor tyrosine kinase, we hypothesized that the GPI-anchored ligand, the ephrin-A family, also contributes to the affinity.
Here, we describe the role of ephrin-A2 in the chick limb bud. Ephrin-A2 protein is uniformly distributed in the limb bud during early limb
development. As the limb bud grows, expression of ephrin-A2 is strong in its proximal-to-intermediate regions, but weak distally. The
position-dependent expression is maintained in vitro, and is regulated by FGF protein, which is produced in the apical ectodermal ridge. To
investigate the role of ephrin-A2 in affinity and in cartilage morphogenesis of limb mesenchyme, we ectopically expressed ephrin-A2 in the
limb bud using the retrovirus vector, RCAS. Overexpressed ephrin-A2 modulated the affinity of the mesenchymal cells that differentiate
into autopod elements. It also caused malformation of the autopod skeleton and interfered with cartilage nodule formation in vitro without
inhibiting chondrogenesis. These results suggest that ephrin-A2 regulates the position-specific affinity of limb mesenchyme and is involved
in cartilage pattern formation in the limb.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
In limb development, the mesenchymal cells in the limb
bud aggregate into its central region and form cellular con-
densations for the initiation of chondrogenesis. Since mes-
enchymal condensation is formed to represent the prepattern
of the limb skeleton, the regulation of condensation size,
shape, and timing is important in the formation of the
normal skeletal pattern. The process of condensation is
affected by several cellular properties, such as motility and
affinity (Ede et al., 1983; Miyake and Hall, 1992, 1995),
suggesting the importance of these properties for the carti-
lage pattern formation of the limb. Position-specific con-
densation indicates that mesenchymal cells in the limb bud
possess distinct properties in a position-specific fashion. In
fact, mesenchymal cells in the limb bud show position-
specific affinity (Wada and Ide, 1994; Ide et al., 1994;
Koibuchi and Tochinai, 1998; Miura and Shiota, 2000;
Stadler et al., 2001). These findings suggest that the posi-
tional identity of mesenchymal cells is represented as their
distinct affinity, and that this affinity affects the condensa-
tion pattern in the limb bud.
It has been reported that some homeobox genes regulate
the affinity of limb mesenchyme. For example, Hoxa13,
which is expressed in the presumptive autopod and has
pivotal roles in autopod formation, regulates the adhesive-
ness of limb mesenchyme in chick embryos (Yokouchi et
al., 1995) and in mouse embryos (Stadler et al., 2001). In
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addition, another homeobox gene, Meis, also affects skeletal
pattern formation and intercellular affinity of the limb mes-
enchyme (Mercader et al., 1999, 2000). These data suggest
that homeobox genes regulate condensation pattern by mod-
ulating the expression of the effectors that directly regulate
the affinity of limb mesenchymal cells. Hence, identifying
the effectors and their functions in limb pattern formation is
essential for a better understanding of the mechanism of
limb development.
Several studies have indicated that interactions between
EphA receptors and its ligands, ephrin-As, act as the effec-
tors to regulate intercellular affinity. Eph receptor tyrosine
kinases interact with the membrane-associated ephrin li-
gands, via a contact-dependent mechanism. Eph/ephrin sig-
naling is bidirectional, and interactions of these molecules
affect cell–cell behavior mediated by cytoskeletal function.
In particular, interactions induce cell–cell repulsive move-
ment in various developmental systems, such as retinotectal
projections, rhombomere segmentation, and neural crest mi-
gration. In addition, the interactions also mediate cell adhe-
sion, such as neural tube closure (reviewed by Holder and
Klein, 1999; Wilkinson, 2001, Holmberg and Frisen, 2002).
The Eph family is divided into two subclasses, EphA and
EphB. EphA receptors generally bind to ephrin-A ligands,
which are glycosylphosphatidylinositol (GPI)-anchored cell
surface proteins, whereas EphB receptors bind only to eph-
rin-B transmembrane proteins. Several types of EphA and
ephrin-A are expressed in the chick and mouse limb bud in
a position-dependent manner (Ganju et al., 1994; Ohta et al.,
1996, 1997; Patel et al., 1996; Araujo et al., 1998; Iwamasa
et al., 1999; Swartz et al., 2001).
We previously reported that GPI-anchored proteins me-
diate position-specific affinity along the proximodistal (PD)
axis of the chick limb bud, and that EphA4 receptor is
involved in the affinity (Wada et al., 1998). Since EphA4 is
localized to the distal region of the limb bud (Ohta et al.,
1996; Patel et al., 1996), it is possible that EphA4/ephrin-A
interaction is involved in PD axial patterning of the limb
skeleton by controlling the behavior of limb mesenchyme.
In addition, another EphA receptor, EphA7, is involved in
regulating intercellular affinity in the condensation of
mouse limb mesenchyme (Stadler et al., 2001). Taken to-
gether, these results suggest that EphA/ephrin-A interac-
tions play crucial roles in cartilage pattern formation and
morphogenesis of the limb by regulating the affinity of limb
mesenchymal cells. Although roles for EphA and ephrin-A
in the patterning of myoblasts and nerve cells in the limb
bud have been reported (Ohta et al., 1997; Araujo et al.,
1998; Helmbacher et al., 2000; Swartz et al., 2001), their
role in cartilage pattern formation of the limb remains un-
clear.
The aim of this study was to clarify the role of ephrin-A
in regulating the affinity of limb mesenchymal cells, and in
cartilage pattern formation of the limb. We have focused on
one member of the ephrin-A family, ephrin-A2 protein, and
found that its expression is position-dependent in the chick
limb bud. Ectopic ephrin-A2 protein modified the affinity of
the mesenchyme in a cell-type-dependent manner. We have
also demonstrated that ectopic ephrin-A2 affects the carti-
lage morphology of autopod elements in vivo and cartilage
nodule formation in vitro. These results suggest that eph-
rin-A2 regulates the affinity of limb mesenchymal cells, and




Whole-mount immunohistochemistry was performed ac-
cording to the method described in Ohta et al. (1996). Chick
embryos were staged according to Hamburger and Hamilton
(1951), and were fixed in 4% paraformaldehyde (PFA) for
2 h at 4°C. They were washed in phosphate-buffered saline
(PBS), dehydrated in a methanol series, and bleached in
80% methanol plus 20% H2O2 for 2 h at 4°C. After rehy-
dration, the embryos were blocked with PBS containing
1.5% skim milk and 0.05% Triton X-100 for 2 h, and were
then reacted with mouse-monoclonal antibodies for 16 h at
4°C. The monoclonal antibodies used in this study were
anti-ephrin-A2, anti-ephrin-A5, and anti-EphA4. The spec-
ificities of these antibodies to each protein had already been
investigated (Iwamasa et al., 1999). After washing, the
embryos were incubated with HRP-labeled goat anti-mouse
IgG (Sigma) for 16 h. The color reaction was performed in
DAB/H2O2 solution containing nickel chloride. After
which, the embryos were cleared with glycerol solution.
To prepare frozen sections, fixed embryos were embed-
ded in O.C.T. compound, frozen in liquid nitrogen, and
sectioned (10 m thick). The sections were washed with
PBS, blocked with PBS containing 0.5% skim milk, and
reacted with monoclonal antibodies. After washing, second-
ary antibodies labeled with Alexa Flora 488 (Molecular
Probes) were reacted to detect the primary antibodies. The
stained sections were mounted with PBS containing 0.02 M
dithiothreitol (Wako) to minimize the decrease of the fluo-
rescence signals. In the case of the micromass cultures,
mesenchymal cells were fixed in 4% PFA for 30 min at 4°C,
pretreated with PBS containing 3% bovine serum albumin
(BSA), and incubated with primary antibodies for 1 h at
room temperature. The samples were washed, reacted with
the Alexa-labeled secondary antibody, and mounted. To
detect chondrogenic regions, rat antibody for type II colla-
gen (Collagen Research Center, Japan) was reacted, and
detection was performed with Alexa Flora 594-labeled anti-
rat antibody.
Manipulation of the limb bud
For the apical ectodermal ridge (AER) removal experi-
ment, stage 20–21 embryos were used. The AER of the
right wing bud was removed with fine tungsten needles.
Some of the operated embryos were used as the hosts of the
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bead implantation experiment. AffiGel-Blue beads (Bio-
Rad) were incubated in 1.0 mg/ml FGF-8 (R&D) solution at
4°C for 1 h, and implanted into the distal portion of wing
buds whose AER had been removed (Wada and Nohno,
2001). Operated embryos were reincubated for 24 h, and
fixed for immunohistochemistry.
Preparation of RCAS virus and microinjection
Full-length ephrin-A2 cDNA (Ohta et al., 1997) was
subcloned into the RCAS vector (Kawakami et al., 1996).
RCAS-ephrin-A2 plasmid DNA was transfected into chick
DF-1 cells by using LipofectAMINE 2000 (Invitrogen), and
the cells were cultured to promote virus production. The
supernatant of the cells was collected, filtered to remove any
debris, and centrifuged for 3 h at 22,000 rpm to concentrate
viral particles. The precipitated viral particles were resus-
pended in a small volume of supernatant. Specific pathogen-
free (SPF) chick embryos (purchased from Nissei-ken, Ja-
pan) were used as hosts. The concentrated viral solution was
injected into the presumptive limb field of the embryos at
stage 14–16 using a microcapillary. Embryos received in-
jections on the right side, and the left limb buds were used
as controls. The embryos were reincubated after injection
and used for subsequent experiments.
Cell culture
Procedures for mesenchymal cell culture had been de-
scribed previously (Wada et al., 1998). After the embryos
were collected and staged in Tyrode’s solution, the limb
buds were excised from the body wall, and their distal or
proximal tissues were dissected out. Ectodermal sheets were
removed by trypsinization (0.5% in Tyrode’s solution), and
mesenchymal tissues were incubated in Ca2- and Mg2-
free Tyrode’s solution at 37°C for 40 min. Softened tissues
were dissociated into single cells by pipetting in Ham’s F-12
medium (Sigma) containing 2% FBS (Irvine Scientific). Cul-
tures were seeded with 2.2  105 cells using penicillin cups
(diameter: 6 mm). The cups were removed after 3 h, and the
dishes were flooded with medium. Cells were incubated for
24 h for immunohistochemical analysis and for cell sorting
experiments. To investigate chondrogenic ability in vitro, we
maintained the cells for 3 days to promote cartilage differen-
tiation (see below). An independent experiment was repeated
at least three times, and typical results are shown.
Cell sorting assay
Cell sorting assays were performed by using RCAS-
ephrin-A2-infected mesenchymal cells (see Fig. 4E).
RCAS-ephrin-A2 virus was injected into the limb field of
embryos at stage 14–16, and the embryos were reincubated.
The embryos were collected at stage 20–21 or stage 25–26,
the distal regions of the RCAS-infected limb buds were
dissected out, and mesenchymal cells were prepared as
described above. The cells were plated, and fixed at 4 h or
24 h after incubation. They were reacted with anti-eph-
rin-A2 antibody and Alexa-labeled secondary antibody. The
cells were mounted, and the distribution of RCAS-derived
ephrin-A2-expressing cells was observed. As a control, limb
buds injected with RCAS-AP were used for the preparation
of mesenchyme, and the distribution of AP-positive cells
was observed after fixation. In some batches, we added 10
g/ml EphA4-Fc fusion protein (R&D), and tested whether
sorting out of ephrin-A2-overexpressing cells in vitro is
inhibited.
Skeletal pattern analysis
To observe cartilage patterns in the virus-injected limb,
we fixed operated embryos in 10% formalin, and stained
them with 0.1% Alcian Green. After washing, the embryos
were macerated in 1% potassium hydroxide, and cleared in
50% glycerol solution (Wada and Nohno, 2001).
Cartilage differentiation in vitro
SPF-embryos at stages 20 and 25 were collected inde-
pendently, and the mesenchymal cells in the distal regions
of their limb buds were prepared separately. The cells were
plated onto 24-well tissue culture dishes, and 2 l of RCAS-
ephrin-A2 viral solution was added to each well. Incubation
was carried out for 3 days to promote cartilage differentia-
tion. Cells were fixed and stained with alcian green or rat
antibody for type II collagen to detect the chondrogenic
regions. As a control, RCAS-AP virus was used instead of
RCAS-ephrin-A2 for infection.
Results
Distribution pattern of ephrin-A2 protein in the limb bud
We first investigated the distribution pattern of eph-
rin-A2 protein in the chick limb bud. At stage 20, ephrin-A2
protein was detected throughout the limb mesenchyme, and
no-polarized distribution was observed (Fig. 1A and B). By
stage 23, its expression was weakened in the mesenchyme
near the apical ectodermal ridge (AER), although it was
maintained in the proximal region (Fig. 1C). At stage 25,
strong expression of ephrin-A2 was observed in the proxi-
mal and intermediate regions of the limb bud, but was only
faintly detected in the distal region (Fig. 1D and D). In a
frozen section, it was faint in the distal region, although
some weak expression was still observed in the cells be-
neath the ectoderm (Fig. 1E). In contrast, ephrin-A2 is
strongly expressed in the proximal-to-intermediate regions,
except in these of myogenesis (Fig. 1E). At stage 27, eph-
rin-A2 expression in the distal region was faint, with weak
expression in the peripheral margin of the fore and hind
footplates (Fig. 1F and F). At this stage, strong expression
of ephrin-A2 was still observed in the proximal region,
except for the dorsomedial portion. In a frozen section,
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Fig. 1. Distribution of ephrin-A2 protein in the chick limb bud as compared with EphA4 and ephrin-A5. (A–G) Distribution of ephrin-A2 protein detected
in whole-mount immunohistochemistry or in frozen section. (A, B) Distribution of ephrin-A2 protein in the limb bud at stage 20, detected by whole-mount
immunohistochemistry (A) and by longitudinal section (B). Ephrin-A2 protein is ubiquitously distributed in the limb bud, and no polarized expression is
observed at this stage. (C) At stage 23, ephrin-A2 expression starts to weaken in the mesenchyme beneath the AER (arrowhead), although it is maintained
in the proximal part of the limb bud. (D, D) At stage 25, expression of ephrin-A2 is maintained in the proximal to intermediate regions of the limb bud,
whereas it can be seen only faintly in the distal region (arrowheads). Note the weak expression of ephrin-A2 in the narrow dorsomedial area of the proximal
region (arrows). (E) Longitudinal section of stage 25 forelimb bud. Expression of ephrin-A2 is faint in the distal region (arrowhead), although its weak
expression is observed in the cells beneath the ectoderm. In contrast, expression is strong in the proximal-to-intermediate parts of the limb bud including the
chondrogenic region (marked by c); however, it is weak in the myogenic region (marked by m). (F, F) At stage 27–28, ephrin-A2 expression is faint in the
fore and hind limb plates, and weak in the tissue that surrounds the precartilage condensation. In the proximal region, it strongly expressed, except for the
dorsomedial portion. (G) Longitudinal section of stage 27 forelimb bud. Ephrin-A2 is strongly expressed in the connective tissues surrounding the cartilages
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Fig. 2. Ephrin-A2 expression is regulated by an AER signal. The AER was removed from the wing buds at stage 20–21, and the operated embryos were fixed
24 h after development. (A, C, E) Distribution of ephrin-A2 protein. (B, D, F) Distribution of EphA4 protein. (A–D) Operated limb buds. (E, F) Control limb
buds. (A) Expression of ephrin-A2 is maintained in the distal region of limb bud whose AER has been removed (white arrows). (B) EphA4 expression is
reduced in the distal region in response to AER removal (black arrowheads). (C) Expression of ephrin-A2 in the limb bud in which a bead containing FGF-8
protein is grafted after AER removal. Ephrin-A2 is reduced in the distal region as in the control limb bud (white arrowheads). (D) Expression of EphA4 is
maintained in the distal region by the same operation (black arrowheads).
of the zeugopod region, and is reduced in the differentiated cartilage. The expression of ephrin-A2 in the presumptive autopod region remains weak
(arrowheads). White bar shows the boundary between zeugopod and autopod. Z, zeugopod; A, autopod. (H–M) Distribution of EphA4 (H–J) and ephrin-A5
(K–M) in stage 20–25 limb buds. (H, I) Strong expression of EphA4 proteins is localized in the distal region of the limb bud. At stage 25, EphA4 expression
is confined to the region where ephrin-A2 expression is weak (compare with D). In addition, EphA4 protein is also observed as a narrow band in the
proximomedial region of the limb buds (I, white arrow), where ephrin-A2 is weak (D, black arrow). (J) In the section, EphA4 is localized in the distal
mesenchyme and the myogenic region, where ephrin-A2 expression is weak (compare with E). (K–M) Ephrin-A5 protein is detected in the limb bud at stage
20 (K), although its expression is weaker than that of ephrin-A2 (A). Its expression is confined to the anterior–proximal region (L, asterisk), and is faint in
the distal half of the limb bud. (M) In the section, ephrin-A5 is localized in the ventral half of the proximal half of the limb bud. The expression is more
confined to the proximal part than that of ephrin-A2 (compare with E). In all sections (B, E, G, J, M), dorsal is top, and distal is to the right.
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ephrin-A2 expression was strong in the connective tissues
surrounding the cartilaginous elements of the stylopod and
zeugopod, while expression was weak in the cartilage and in
the myogenic regions (Fig. 1G). Ephrin-A2 expression in
the cells fated to form the autopod remained weak (Fig. 1G).
We compared the distribution of ephrin-A2 with that of
EphA4 protein, which has had been reported to be expressed
mainly in the distal region (Ohta et al., 1996; Patel et al.,
1996; Swartz et al., 2001). In the early stage limb buds,
EphA4 was strongly expressed in the distal region (Fig.
1H). At stage 25, its expression was maintained in the distal
region (Fig. 1I), and thus the pattern of its expression
domain appeared to be the reverse of the ephrin-A2 protein
(compare Fig. 1I with 1D). At this stage, EphA4 was also
observed in a narrow band in the proximomedial region
(Fig. 1I, white arrow), where ephrin-A2 expression is weak
(Fig. 1D and D, black arrow). In a frozen section, the
expression of EphA4 was seen in areas where ephrin-A2 is
weak (compare Fig. 1J with 1E). Overall, the expression of
ephrin-A2 protein was complementary to that of EphA4 as
the limb bud developed.
We also compared the expression of ephrin-A2 with that
of another ephrin-A protein, ephrin-A5, whose expression
in the chick limb bud had been reported previously (Swartz
et al., 2001). In the early stages of limb development,
ephrin-A5 was expressed in the proximal regions of the
limb buds, although its level of expression was weaker than
that of ephrin-A2 (Fig. 1K, compare with 1A). As the limb
bud developed, ephrin-A5 expression was restricted to the
anterior–proximal region of the limb bud (Fig. 1K, asterisk),
whereas its expression was very faint in the intermediate-
to-distal regions of the limb bud. In a frozen section, eph-
rin-A5 expression was observed in the ventral half of the
proximal region of the limb bud (Fig. 1M), but it was absent
from other regions. Thus, expression of ephrin-A5 in the
limb bud is confined to a small portion of the limb bud than
that of ephrin-A2, although both proteins are mainly dis-
tributed in the proximal region of the limb bud. Since the
expression of ephrin-A2 protein appears to be correlation
with positional identity of mesenchymal cells along the PD
axis of the limb bud, we decided to analyze the function of
ephrin-A2 protein in limb development.
Expression of ephrin-A2 protein is regulated by FGF
To investigate the influence of the AER on ephrin-A2
expression, we removed the AER from stage 20–21 wing
buds and analyzed the expression of ephrin-A2. Twenty-
four hours after AER removal, ephrin-A2 was detected
throughout the operated limb bud, and its expression was
maintained in the distal region (Fig. 2A). We also investi-
gated the effect of AER removal on EphA4 expression and
observed reduced expression in the distal region (Fig. 2B),
as previously reported (Patel et al., 1996). Next, we im-
planted a bead containing FGF-8 protein in the distal region
of the limb bud after AER removal, and analyzed the ex-
pression of ephrin-A2 protein. Twenty-four hours after bead
grafting, the operated limb bud was elongated distally, and
the expression of ephrin-A2 was decreased in the distal
region near the bead (Fig. 2C). In contrast, EphA4 expres-
sion was maintained at elevated levels by FGF-bead graft-
ing (Fig. 2D). As compared with limb bud without the AER,
these results suggest that expression of ephrin-A2 is regu-
lated by FGF protein(s) produced in the AER, and that the
expression reflects the positional difference of the mesen-
chyme along the PD axis of the limb bud.
Position-dependent expression of ephrin-A2 is maintained
in cell culture
Next, we analyzed the expression of ephrin-A2 protein in
cultured mesenchymal cells to investigate whether its posi-
tion-dependent expression in vivo is maintained in culture
condition. We cultured mesenchymal cells prepared from
three regions: the distal half of a stage 20 limb bud, the
distal region of a stage 25 limb bud, and the proximal region
of a stage 25 limb bud (Fig. 3, illustration). The cells were
immunostained after incubation for 24 h.
Ephrin-A2 protein was expressed in cultured cells from
stage 20 limb buds (Fig. 3A). It was observed on all of these
cells, and no localized distribution was observed. When
cells from stage 25 limb buds were cultured, the expression
depended on their original position in the limb bud. The
expression of ephrin-A2 on the cells from the distal region
was weak as a whole, although clusters of ephrin-A2-posi-
tive cells were observed (Fig. 3B). By contrast, ephrin-A2
protein was observed on all of the proximal cells, and the
expression appeared similar to that of stage 20 cells (Fig.
3C). Thus, expression of ephrin-A2 in vitro reflected ex-
pression in vivo.
We also investigated the expression of EphA4 protein on
cultured cells. Expression of EphA4 was faint on the cells
derived from stage 20 (Fig. 3D). In contrast, many of cells
from stage 25 distal region strongly expressed EphA4, al-
though there were some cells that expressed EphA4 faintly.
The weakly expressing cells were aggregated and segre-
gated from EphA4-strongly expressing cells (Fig. 3E, ar-
rowhead). EphA4 was also observed on cells from the
proximal region of the stage 25 limb bud (Fig. 3F). How-
ever, expression was less intense compared with the distal
cells (compare Fig. 3F with 3E). EphA4-positive cells were
distributed ubiquitously, and no aggregation was observed.
In general, ephrin-A2 and EphA4 showed opposing patterns
in vitro.
Overexpression of ephrin-A2 alters the affinity of limb
mesenchymal cells
To analyze the function of ephrin-A2 in limb develop-
ment, we overexpressed the ephrin-A2 gene in the limb bud
using the RCAS retrovirus vector. We first investigated the
distribution of cells overexpressing ephrin-A2 in the limb
bud. RCAS-ephrin-A2-injected limb buds were developed
and immunostained with anti-ephrin-A2 antibody. Forty-
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eight hours after injection, ephrin-A2 overexpressing cells
were observed in the limb bud (Fig. 4A and B). Since strong
expression of ephrin-A2 was not observed in limb bud (Fig.
1), we concluded that the strong expression is due to RCAS-
ephrin-A2 infection. The ephrin-A2 overexpressing cells
were highly aggregated, and these cellular clumps were
randomly distributed in the limb bud (Fig. 4A and B). We
used several batches of RCAS-ephrin-A2 viral stocks of
high concentration (5.0  108 to 1.0  109 cfu/ml), and
repeatedly performed the injection experiment, and ob-
served the same results. Cells that overexpressed ephrin-A2
appear to be more dispersed at an earlier stage (Fig. 4C),
suggesting that the cells aggregate progressively as the limb
bud develops. By contrast, when infected with the
RCAS-AP virus, AP-positive cells were distributed
throughout the limb bud, and no cellular clumps were
formed (Fig. 4D). These results indicate that overexpressed
ephrin-A2 promotes the aggregation of mesenchymal cells
in the limb bud, and we hypothesized that the overexpressed
ephrin-A2 alters the affinity of the cells. To test this possi-
bility, we performed cell sorting analysis (Fig. 4E). Mesen-
chymal cells were isolated from the distal region of RCAS-
ephrin-A2-infected limb buds. This population of cells was
composed of both RCAS-infected cells and uninfected, nor-
mal cells. These cells were cultured for 24 h, and were
stained with anti-ephrin-A2 antibody so as to observe the
distribution of the ephrin-A2-overexpressing cells.
We first tested the cells derived from the distal region of
stage 25 limb buds. A total of 25–35% of the cells expressed
ephrin-A2 protein strongly on their cell surface (Fig. 4F and
G). The strong expression was higher than endogenous
expression observed in control culture; therefore, we con-
cluded that the strong expression is due to RCAS-ephrin-A2
infection. At 4 h after plating, most of the ephrin-A2-
overexpressing cells were randomly distributed and showed
no segregation (Fig. 4F). At 24 h, however, the cells had
segregated from cells that expressed low-level ephrin-A2 to
form many cellular clusters (Fig. 4G and H). We counted
the number of ephrin-A2-overexpressing cells in each clus-
ter, and found that the number increased within culture
period (Fig. 4I), indicating that ephrin-A2-overexpressing
cells progressively aggregate. To exclude the possibility
that the RCAS infection itself had promoted this cell sorting
and autonomous aggregation in vitro, we performed a sim-
ilar experiment using RCAS-AP-infected mesenchyme in-
stead of RCAS-ephrin-A2-infected cells. At 24 h, AP-ex-
pressing cells were distributed randomly, and no
segregation was observed (Fig. 4J), indicating that the
RCAS infection itself had no effect on the affinity of the
cells.
We further investigated whether ephrin-A2/EphA inter-
action is involved in the cell sorting. We added the unclus-
tered, soluble form of EphA4 protein (EphA4-Fc), into the
culture medium to interfere ephrin-A2/EphA interaction. At
24 h, sorting out of ephrin-A2-overexpressing cells was
suppressed (Fig. 4K), suggesting that the sorting out is
mediated by ephrin-A2/EphA interaction.
The distal cells of younger stage limb bud have different
affinity properties than later stage limb bud cells (Wada and
Ide, 1994). If ephrin-A2 is involved in this affinity, it is
possible that ephrin-A2 has a different effect on the affinity
of the distal cells at a younger stage. To test this, we next
examined the distribution of ephrin-A2-overexpressing cells
in vitro using stage 20 distal cells instead of stage 25 distal
cells (Fig. 4E). At 24 h, the ephrin-A2-overexpressing cells
were randomly distributed, and no clusters were observed
(Fig. 4L), indicating that no alteration of the affinity had
occurred in the stage 20 cells. These results suggest that
ephrin-A2 can modify the affinity of the distal mesenchymal
cells of the limb bud, although the effect depends on the
developmental stage of the cells.
Overexpressed ephrin-A2 disrupts cartilage pattern of the
limb
We next analyzed the skeletal pattern formed in RCAS-
ephrin-A2-infected limb buds. An altered skeletal pheno-
type was observed in 19% of the infected embryos (N 
136), and the phenotypes were variable. In some embryos,
the limbs had bifurcated digits (7%; Fig. 5A and C). These
digits were formed randomly in both fore- and hindlimbs. In
other cases, adjacent cartilage elements were partially fused
to each other, resulting in a syndactylous phenotype (7%;
Fig. 5D and E). One specimen had an ectopic joint in digit
2 (Fig. 5E, arrow). In other limbs, partially truncated pha-
langes were observed (5%; data not shown). All of these
malformations were restricted to the distal autopod ele-
ments, and no anomalies were observed at more proximal
levels, in the stylopod and zeugopod. Expression of Shh and
Hoxd13 was not altered in RCAS-ephrin-A2-infected limb
buds (data not shown), indicating that overexpressed eph-
rin-A2 disrupts cartilage morphogenesis without interfering
with the anteroposterior polarity of the limb bud.
Overexpressed ephrin-A2 affects nodule formation in vitro
Since overexpression of ephrin-A2 disrupted cartilage
morphogenesis in the limb bud, we investigated the effect of
overexpressed ephrin-A2 on chondrogenesis of limb mes-
enchyme in vitro. We prepared distal cell cultures from limb
buds at either stage 20 or 25, and cultured them indepen-
dently for 3 days to promote chondrogenesis. Before incu-
bation, either RCAS-ephrin-A2 or RCAS-AP virus was
added to the cultures.
When the cells from stage 25 limb buds were infected
with RCAS-AP, they formed alcian green-positive cellular
aggregates, cartilaginous nodules. The nodules were well
defined, and were clearly separated from alcian green-neg-
ative cells (Fig. 6A–C). Similar nodule formation was ob-
served when the cells were cultured without RCAS infec-
tion (data not shown), indicating that RCAS infection had
no effect on nodule formation. In contrast, RCAS-ephrin-
A2-infected cells differentiated into cartilage with a distinct
appearance (Fig. 6E–G). The nodules fused with each other,
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and alcian green-positive regions spread broadly in the
cultures. The morphology of the differentiated cells was a
flattened sheet of cartilage rather than cartilage nodules. The
morphological change of differentiated cartilage in RCAS-
ephrin-A2-infected culture is observed by comparing the
distribution of type II collagen (Col(II)) in control and
RCAS-ephrin-A2-infected cultures. In control cultures, the
distribution of Col(II) showed a well defined and restricted
pattern, with a clear boundary between chondrogenic and
nonchondrogenic regions (Fig. 6D). In contrast, in RCAS-
ephrin-A2-infected cultures, the distribution of Col(II) was
widely spread, and the boundary of Col(II) expression was
not readily evident (Fig. 6H). The expanded expression of
Col(II) in RCAS-ephrin-A2 cultures was already observed at
48 h even though the cells are not yet stained by alcian green
(data not shown). These results suggest that overexpressed
ephrin-A2 affects nodule formation of limb mesenchyme.
We performed similar experiments using cells from
stage 20 limb buds. When the cells differentiated into
cartilage after RCAS-AP infection, the cells were uni-
formly stained by alcian green, but no obvious cartilag-
inous nodules were observed (Fig. 6I–K). This suggests
Fig. 3. Distribution of ephrin-A2 and EphA4 proteins in micromass cultures of limb mesenchyme. Mesenchymal cells derived from stage 20 or stage 25 limb
buds were isolated, and independently cultured for 24 h; after which protein expression of ephrin-A2 and EphA4 was observed. To analyze position-dependent
expression, stage 25 limb buds were dissected into distal and proximal parts prior dissociation (as in the illustration). For proximal mesenchyme preparation,
we used the anterior and posterior marginal regions of the limb bud in order to avoid inclusion of myoblasts. Panels show the results of fluorescent imaging
(200). In all images, the cells were evenly distributed as observed by bright-field microscopy (data not shown). (A–C) Expression of ephrin-A2 is observed
on all cells prepared from stage 20 limb buds (A) and from the proximal region of stage 25 limb buds (C). By contrast, cells derived from the distal region
of stage 25 limb buds express ephrin-A2 at a lower level (B). Some cells clearly express ephrin-A2, and they aggregate to form cell clusters (B, arrowheads).
(D–F) Expression of EphA4 is faint in the cells of the stage 20 limb bud (D). EphA4 is strongly expressed on many of the distal cells derived from stage
25 limb buds (E), although some EphA4-negative cells are also observed (arrowheads). EphA4-negative cells are aggregated and segregated from
EphA4-positive cells. EphA4 is also observed on cells from the proximal region of stage 25 limb buds, although expression is not intense compared with
that on distal cells (F). EphA4-positive cells are distributed throughout, and no aggregation is observed (F, arrows).
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Fig. 4. Alteration of affinity of limb mesenchymal cells in response to overexpression of ephrin-A2. (A–C) Distribution of ephrin-A2-expressing cells in
RCAS-ephrin-A2-infected limb buds. RCAS-derived ephrin-A2 is expressed at high level in the limb mesenchyme. (A, B) In stage 25 limb buds,
ephrin-A2-overexpressing cells have aggregated in the limb bud, and are patchily localized. (C) In a stage 21 limb bud, the distribution of ephrin-A2-
overexpressing cells appears to be more dispersed than in the stage 25 limb bud. No patchy distribution of ephrin-A2 overexpressing cells is observed at this
stage. (D) Distribution of AP-positive cells in the RCAS-AP infected limb bud. No aggregation of AP-positive cells is observed. (E–L) Sorting out
experiment. (E) Schematic representation of the mixed culture. RCAS-ephrinA2 virus was injected into the limb field at stage 14–16, and the embryos were
reincubated. Mesenchymal cells were prepared from the distal region of the RCAS-injected limb buds (stage 20–21 or 25–26). The cells were seeded
independently, and incubated for 24 h. They were then fixed and reacted with anti-ephrin-A2 antibody. (F) Distribution of ephrin-A2-overexpressing cells
4 h after seeding (100). At this time, the cells are distributed randomly in a micromass culture. (G) Twenty-four hours after seeding (100).
Ephrin-A2-overexpressing cells are segregated from uninfected cells, and form cellular clusters. (H) Higher magnification view of (G) (200). Since the
RCAS-derived expression of ephrin-A2 is stronger than the endogenous expression of uninfected cells (H, arrows), clusters of ephrin-A2-overexpressing cell
are distinguishable from uninfected cells. (I) Quantitative analysis of cell sorting. The number of ephrin-A2-overexpressing cells in the each cellular cluster
was counted in order to quantitate the size of the clusters. The relative abundance of different sized clusters was calculated for cultures after 4 and 24 h. At
4 h, nearly 70% of clusters are composed from 5 cells or less (blue), whereas, at 24 h, about 65% of clusters contain more than 10 cells (pink). (J) Cells that
show RCAS-derived AP activity (dark blue particles) are distributed as single cells in culture, and no segregation is observed (100). (K) Addition of the
soluble form of EphA4 protein (EphA4-Fc) inhibits sorting out of ephrin-A2-overexprssing cells at 24 h (100). (L) Cells prepared from stage 20–21 limb
buds were cultured for 24 h (100). In this experiment, ephrin-A2-overexpressing cells are distributed throughout, and no aggregation is observed.
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that the cells of a stage 20 limb bud have a different
ability of chondrogenesis as compared with the distal
cells of the stage 25 limb bud. The stage-dependent
morphogenetic ability of limb mesenchyme has been
described previously (Sato-Maeda and Ide, 1998). Next,
we infected the mesenchyme with RCAS-ephrin-A2 and
analyzed the morphology of the cells. We found that the
appearance of the differentiated cells was not different
from that of the control culture, and the cells differenti-
ated uniformly into cartilaginous sheets (Fig. 6L–N).
These results indicate that overexpressed ephrin-A2 does
not affect cartilage differentiation, but does interfere with
nodule formation.
Discussion
Position-specific expression of ephrin-A2 protein in the
limb bud
The level of ephrin-A2 protein expression in the mesen-
chyme differs along the PD axis of the elongated limb bud
(Fig. 1), and the expression is regulated by FGF signals
produced by the AER (Fig. 2). In the limb bud, the posi-
tional identity of mesenchymal cells is progressively distal-
ized under the influence of AER signaling. Excision of the
AER causes truncation of distal elements (Saunders, 1948;
Summerbell and Lewis, 1975; Rowe and Fallon, 1981),
Fig. 5. Ectopic expression of ephrin-A2 disrupts cartilage pattern of the limb. (A, C–E) Examples of cartilage patterns formed from RCAS-ephrin-A2-infected
limb buds. (B, F) Control patterns. (A, C) Digit bifurcation (marked by asterisk) observed in the forelimb (A), and the hindlimb (C). (D) Hindlimb with fused
cartilage elements observed between metatarsals 2 and 3 (arrowhead). (E) Hindlimb fixed slightly earlier than other examples. Cartilage fusion has occurred
between metatarsals 1 and 2 (arrowhead), and an ectopic joint has formed in digit 2 (arrow).
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whereas application of FGF after AER removal can rescue
distal structure formation (Niswander et al., 1993; Fallon et
al., 1994). FGF has a role in promoting the distalization of
the positional identity of the limb mesenchyme (Mercarder
et al., 2000). Taken together with our result, it appears likely
that a high level of ephrin-A2 expression represents a prox-
imal identity of limb mesenchyme, while a low level reflects
a distal identity.
Distribution of ephrin-A2 appears complementary to that
of EphA4 both in the limb bud at later stage and in vitro,
suggesting that these molecules are distributed in an oppo-
site manner. It was reported that Fc-fusion proteins with
EphA receptors or ephrin-A ligands bind to complementary
domains in the mouse limb bud (Gale et al., 1996; Gale and
Yancopoulos, 1997). Fc-receptor fusion proteins bind
mainly to the proximal and intermediate regions of the limb
bud, while Fc-ligand fusion proteins are localized in the
distal region of the limb bud. The expression of ephrin-A2
Fig. 6. Overexpressed ephrin-A2 affects nodule formation in vitro. Mesenchymal cells from the distal region of stage 20 and 25 limb buds were prepared,
seeded independently, and incubated for 3 days. Before incubation, either RCAS-ephrin-A2 or RCAS-AP was added to the culture medium. (A, E, I, L)
Bright-field views of micromass cultures stained with alcian green (40). (B, F, J, M) Higher magnification views of the left column (100). (C, G, K, N)
Phase contrast views of the (B, F, J, M), respectively. (D, H) Fluorescent views of the culture of stage 25 cells showing the distribution of type II collagen
(Col(II)). (A–D) Control culture of stage 25 distal mesenchyme. Many cellular aggregates, are observed, and are stained with alcian green (B, C, arrowheads).
Cartilaginous nodules are segregated from non chondrogenic cells (B, C, arrows). In the culture, the distribution of Col(II) shows a defined and restricted
pattern with a clear boundary between chondrogenic and non-chondrogenic regions (D). (E–H) Addition of RCAS-ephrin-A2 to the culture of stage 25 distal
cells. Nodules are fused with each other, and cells are broadly stained with alcian green (E–G). In addition, Col (II) is widely expressed, and the boundary
of Col(II) expression is not well defined (H), compared with that observed in control culture (D). (I–K) Control cultures of stage 20 distal mesenchyme. The
cells, regardless of their location, are stained by alcian green, showing that they have differentiated into chondrocytes and form a cartilaginous sheet. (L–N)
Addition of RCAS-ephrin-A2 to the culture of stage 20 distal cells. The appearance of the cells does not differ from that of the control culture cells (compare
with I–K).
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in the chick limb bud closely resembles the distribution of
Fc-receptor proteins, and in turn, the expression of EphA4
corresponds well with the Fc-ligand binding domain. Although
Fc-fusion proteins can bind to various ephrin-A or EphA pro-
teins, their observed binding patterns are consistent with our
observation of complementary expression of ephrin-A2 and
EphA4 along the PD axis of the elongated limb bud.
Cell sorting of limb mesenchyme induced by ephrin-A2
overexpression
Eph/ephrin interactions mediate cell sorting in various
developmental systems (Mellitzer et al., 1999; Xu et al.,
1999; Cooke et al., 2001). In the present study, we have
shown that ephrin-A2 overexpressing cells tend to aggre-
gate in vivo, and overexpression of ephrin-A2 can induce
sorting of limb mesenchymal cells in culture (Fig. 4). Since
this sorting is inhibited by addition of soluble form of
EphA4-Fc, it is likely that the sorting is mediated by inter-
actions between overexpressed ephrin-A2 and endog-
enously expressed EphA receptors. The sorting depends on
the developmental stage of the cells, suggesting that the
interaction occurs depending on the stage. We speculate that
EphA function accounts for the observed stage dependency,
because RCAS-derived ephrin-A2 was fully expressed on
the cells at both early and late stages (Fig. 4). There are two
possible explanations. First, the expression of EphA recep-
tors on the distal cells may vary depending on the develop-
mental stage. Since cell sorting is observed only on stage 25
cells, we presume that the EphA receptor that interacts with
overexpressed ephrin-A2 is present on the cells at stage 25,
but not at stage 20. This possibility is likely to explain the
sorting in vitro, because EphA4 is strongly expressed on the
cells at stage 25, but is faint at stage 20 in culture (Fig. 3).
Alternatively, the sensitivity of EphA receptors to ectopic
ephrin-A2 may vary depending on the developmental stage.
It has been shown that the sensitivity of EphA receptor to
exogenous ephrin-A protein in vivo is suppressed by endo-
genously coexpressed ephrin-A on retinal ganglion cells
(Hornberger et al., 1999). Similarly, in the limb bud, EphA
receptors, including EphA4, on distal cells at stage 20, may
be insensitive to ectopic ephrin-A2, because the cells endo-
genously coexpress a high level of ephrin-A2 (Fig. 1). In
contrast, since distal cells at stage 25 express endogenous
ephrin-A2 at a low level (Fig. 1), the EphA receptors on the
cells could be more sensitive to overexpressed ephrin-A2.
Thus, cells that overexpress ephrin-A2 in the later stage
limb bud may aggregate more than in the early stage limb
bud (Fig. 4). We speculate that the stage-dependent ephrin-
A/EphA interaction regulates the affinity of mesenchymal
cells in normal limb development (see below).
Ephrin-A2/EphA interaction and the affinity of limb
mesenchymal cells
Distal cells of limb buds at different developmental
stages show distinct affinities that cause cell sorting in
mixed culture (Ide et al., 1994; Wada and Ide, 1994). The
affinity of distal cells at younger stage is maintained in the
proximal cells as the limb bud grows, suggesting that the
molecules mediating the stage dependent affinity of distal
cells also regulate position-dependent affinity. We have
previously reported that affinity along the PD axis is regu-
lated by one or more GPI/anchored proteins (Wada et al.,
1998). In the present study, we have demonstrated that
ephrin-A2 is highly expressed on the cells that have prox-
imal identity, and ectopic ephrin-A2 alters the affinity of
distal cells in a stage-dependent manner. On the basis of
these results, we propose that endogenous ephrin-A2 con-
tributes to both the stage- and position-dependent affinities.
In the elongated limb bud and in culture, expression of
ephrin-A2 appears complementary to EphA4, which is pre-
dominantly observed on mesenchymal cells that have distal
identity. Since EphA4 is also involved in the affinity (Wada
et al., 1998), it is likely that the affinity of limb mesenchyme
depends on the level of expression of both ephrin-A2 and
EphA4, and that the position-dependent cell sorting of the
limb mesenchyme is induced by the interaction between
these two proteins: When cells with a proximal identity are
cultured with cells with a distal identity, interaction between
ephrin-A2 and EphA4 occurs, and the cells become sorted
out from each other. We cannot exclude the possible in-
volvement of other ephrin-A proteins, such as ephrin-A5, in
cell sorting. It has been reported that ephrin-A5 regulates
myoblast migration in the chick limb bud (Swartz et al.,
2001). Although expression of ephrin-A5 is confined to the
proximal–ventral region in the limb bud (Fig. 1), it is pos-
sible that this molecule acts synergistically to regulate cell
sorting.
Ephrin-A2 and cartilage morphogenesis
Overexpressed ephrin-A2 disrupted nodule formation of
distal cells at stage 25, and the cells differentiated broadly to
form a sheet of cartilage (Fig. 6). In contrast, overexpressed
ephrin-A2 had no apparent effect on chondrogenesis of
distal cells at stage 20 (Fig. 6). These results indicate that
overexpressed ephrin-A2 interferes with mesenchymal con-
densation and cartilage nodule formation without inhibiting
chondrogenesis. It had been suggested that nodule forma-
tion involves cellular properties such as affinity and motility
(Ede, 1983; Hall and Miyake, 1992; Stott et al., 1999). Since
overexpressed ephrin-A2 alters the affinity of distal cells of
the stage 25 limb bud, it is likely that incomplete nodule
formation is caused by RCAS-ephrin-A2 modulation of
intercellular affinity.
In vivo, ectopic expression of ephrin-A2 alters the pat-
tern and shape of autopod cartilage elements (Fig. 5), sug-
gesting an involvement of ephrin-A2 in cartilage morpho-
genesis in vivo. Skeletal malformations of the limb are
accompanied by alterations of cell affinity and by incom-
plete nodule-forming ability of limb mesenchyme (Ede,
1983; Hall and Miyake, 1992; Stadler et al., 2001). There-
fore, it is likely that ectopic ephrin-A2 affects cartilage
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morphogenesis in vivo by interfering with nodule formation
of mesenchymal cells. The autopod skeleton appears to be
selectively affected by overexpressed ephrin-A2 (Fig. 5).
This is probably because the cell type dependent effect of
overexpressed ephrin-A2. It modulates the affinity and the
nodule forming ability of distal cells at later stages of limb
development, but not at earlier stages (Fig. 4). Since the
distal cells at later stages form only autopod structures in
normal chick limb development (Summerbell and Lewis,
1975), the skeletal malformations would be restricted to
autopod elements. Although overexpressed ephrin-A2 has
pronounced effects on nodule formation in vitro, its effect
on skeletal morphogenesis in vivo appears to be mild. One
possible reason for this difference is that, because ephrin-
A2-overexpressing cells are highly aggregated and localized
in the limb bud (Fig. 4), disrupted nodule formation may be
limited to relatively restricted regions within the limb bud.
On the basis of both the endogenous expression patterns
of ephrin-A2 and the effect of overexpressed ephrin-A2 on
chondrogenesis, we speculate that endogenous ephrin-A2
has a role in regulating the morphogenesis of limb cartilage.
In control cultures, cartilage morphology depends on the
developmental stage of the cells (Fig. 6A–C, I–K), and the
morphological differences appear to be correlated with the
ephrin-A2 expression at the early phase of chondrogenesis
(Fig. 3): Cells that express ephrin-A2 at a high level differ-
entiate as cartilaginous sheets, whereas cells that express
ephrin-A2 weakly form discrete nodules. The results of
ephrin-A2 overexpression in vitro are consistent with the
observation. Since expression of ephrin-A2 is also position-
dependent at different stages of cartilage differentiation in
vivo (Fig. 1), it is also possible that ephrin-A2 may function
in elaborating the morphological differences of the limb
cartilaginous elements.
EphA/ephrin-A interaction and other regulators of the
affinity of limb mesenchymal cells
To date, several molecules have been reported to be
involved in the position-specific affinity of limb mesenchy-
mal cells. For example, cadherins are involved in the affin-
ity of limb mesenchyme in vitro and in vivo (Kimura et al.,
1996; Yajima et al., 1999, 2002), and affect the expression
and function of Eph receptors (Zantek et al., 1999; Orsulic
and Kemler, 2000). Since several cadherins are expressed in
a position-dependent manner in the limb bud (Kimura et al.,
1996; Kitajima et al., 1999; Yajima et al., 1999), it is
possible that EphA/ephrin-A interactions function in coop-
eration with these cadherins.
Hox-related molecules, such as Hoxa13 and Meis, also
regulate the affinity of limb mesenchyme (Yokouchi et al.,
1995; Mercader et al., 2000; Stadler et al., 2001). Expres-
sion of EphA receptor is downregulated in limb buds of
Hoxa13 deleted mouse embryos (Stadler et al., 2001), sug-
gesting that Hoxa13 is involved in regulating the expression
of EphA receptor in the limb bud. Hox products also regu-
late the expression of several Eph receptors in the hindbrain
(Taneja et al., 1996; Chen and Ruley, 1998; Studer et al.,
1998). Since the expression of ephrin-A2 and EphA4 are
position-specific in the chick limb bud, it is intriguing to
investigate whether Hox-related molecules regulate the ex-
pression of Eph and ephrin proteins in the limb bud.
In conclusion, the findings in the present study provide
evidence that ephrin-A2 and its receptors are important
regulators of the affinity of limb mesenchyme, and are
involved in cartilage pattern formation in the limb. Since
various types of Eph and ephrin proteins are expressed by
limb mesenchymal cells (Ganju et al., 1994; Flenniken et
al., 1996; Araujo et al., 1998; Iwamasa et al., 1999, Baker et
al., 2001), these molecules may also play important roles in
regulating the behaviors of mesenchymal cells that result in
limb pattern formation.
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